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(54) Carbon film-coated article and method of producing the same 



(57) This invention *s directed to a carbon film-coat- 
ed article comprising a substrate; a mixed layer formed 
on at least a part of the substrate., and composed of an 
element(s) constituting the substrate and tungsten; a 
tungsten film formed cm the mixed layer; and a carbon 
film formed on Lhe tungsten film. The invention provides 
a method of producing thecarbon film-coated articfe, the 
method comprising the steps of: forming a mixed layer 
on at least a part of the substrate, the mixed layer being 



composed of an element(s) constituting the substrate 
and tungsten, forming a tungsten film on the mixed layer, 
and forming a carbon trim on the tungsten film, wherein 
at least one of the mixing layer, lhe tungsten film and 
the carbon film is formed using a cathode material evap- 
orated by arc discharge in a vacuum arc deposition ap- 
paratus having a vacuum arc evaporation source includ- 
ing the cathode. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application is based on Japanese patent 
application No.2002-201339 Tiled in Japan on July 10, 
2002 , ihe entire content of which is hereby incorporated 
by reference, 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0002] The present invention relates to carbon film- 
coated articles which can be used as parts of engines 
(e.g., internal combustion engines including gasoline 
engines, diesel engines orthe like), cutting articles such 
as cutting tools, parts of cutting tools, etc.. and a method 
of producing the same. 

Description of Related Art 

[0003] A carbon film such as a DLC film (diamond-like 
carbon film) has a high hardness, a high wear resistance 
and a low friction coefficient. It has been proposed to 
increase the wear resistance of and lower the coefficient 
of friction of engine parts, cutting articles and like sliding 
articles by utilizing such characteristics of the carbon 
film. The wear resistance and the coefficient of friction 
of the sliding articles can be improved by coating the 
slidmg articles with the DLC fHm or like carbon films. 
[0004] However generally the DLC film and like car- 
bon films are bw in the adhesion to the substrate of the 
sliding arises made of steel or the like and therefore 
are easily separable from the substrate. For improving 
the adhesion of the DLC film and like carbon films to the 
substrate, it was proposed to form an intermediate layer 
between the carbon frlm and the substrate. The propos- 
al, however, failed 1o create a sufficient adhesion. 

SUMMARY OF THE INVENTION 

[0005] An object of the present invention is to provide 
a carbon film-coated article, i.e.. an article having a car- 
bon film formed on a substrate of the article., the carbon 
film having a high adhesion to the substrate of the arti- 
cle, and a method of producing the same. 
[0006] To achieve the above-mentioned object, the in- 
vention provides the following carbon film-coated article 
and the following producing method. 

(1) Carbon film-coated article 

[0007} A carbon film-coated article comprising a sub- 
strate; a mixed layer formed on at least a part of the 
substrate, the mixed layer being composed of an ele- 
ments) constituting the substrate and tungsten; a tung- 
sten film formed on the mixed layer; and a carbon film 



formed on the tungsten film. 

(2) Method of producing a carbon film-coated article 

5 [0008] A method of producing a carbon film-coated ar- 
Licle comprising a substrate: a mixed layer formed on at 
least a part of the substrate, the mixed layer being com- 
posed of an element(s) constituting the substrate and 
tungsten: a tungsten film formed on the mixed layer; and 

10 a carbon film formed on the tungsten film, the method 
comprising the steps of: 

forming the mixed iayeron at least a part of the sub- 
strate, the mixed layer being composed of an ele- 
15 ment(s) constituting the substrate and tungsten, 

forming the tungsten film on the mixed layer and 
forming the carbon film on the tungsten film; 

wherein at least one of the mixed layer the tung- 
20 sten film and the carbon film is formed using a cathode 
material evaporated by arc discharge in a vacuum arc 
deposition apparatus having a vacuum arc evaporation 
source Including the cathode. 

[0009] The foregoing and other objects, features, as- 
25 pects and advantages of the present invention wHI be- 
come more apparent from the following detailed de- 
scription and the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 

[0010] Fig. 1 is a partially sectional view showing an 
example of the carbon fhrn-coated article. 
[0011] Fig.2 is a schematic diagram showing the 
structure of an example of the vacuum arc deposition 

55 apparatus. 

[0012] Fig. 3 is a graph showing a relation between a 
material and thickness of an underlying layer of (under) 
the DLC film on one hand and a peeled area represent- 
ing adhesion of the DLC film to the substrate on the other 

to hand. 

[0013] Fig. 4 is a graph showing a relation between 
thickness of the mixed layer formed between the DLC 
film and the substrate and a toad resistance represent- 
ing adhesion of the DLC film to the substrate. 

45 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

(1) Carbon film-coated article 

50 

[0014] A carbon fiim-coated article as a preferred em- 
bodiment of the invention has a mixed layer, a tungsten 
film, and a carbon fihn formed on the substrate in this 
order. More specifically, a mixed layer, a tungsten film 
55 and a carbon film are formed over at feast a part of the 
substrate of the article. 

[001 5] The substrate which requires high mechanical 
strength may be made of a material including iron as the 
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main component such as carbon steel, special steel or 
like steels. Optionally the substrate may be made of ce- 
ramic^), cemented carbide(hard metal) or the like, 
[001 6] The mixed layer is formed on the substrate and 
contains an element(s) constituting the substrate (ma- 
lerial(s) constituting the substrate) and tungsten (W) 
and may contain other element(s). 
[001 7] The tungsten film is formed between the mixed 
layer and the carbon film. The tungsten film contains 
tungsten (W) as the main component and may contain 
impurities (minor components). 

[001 8] The carbon fifm is formed on the tungsten film. 
The carbon film contains carbon (C) as the main com- 
ponent and may contain impurities including carbon ni- 
tride, silicon or the fike. The carbon film may be, for ex- 
ample, a DLC film (diamond-like carbon film). 
[0019] As shown in the results of experiments to be 
described later, the adhesion of the carbon film to the 
tungsten film is higher than the adhesion of the carbon 
film to a molybdenum f*lm or a chromium film. 
[0020] Since the mixed layer containing the element 
(s) constituting the substrate and the tungsten \s formed 
between the substrate and the tungsten film, the adhe- 
sion of the tungsten film to the substrate is high. There- 
by, the adhesion of the carbon film to the substrate is 
high in the carbon film-coated article. 
[0021] The carbon film (especially DLC film) has a 
high hardness and a low coefficient of friction so that the 
carbon film-coated articles can be preferably used as 
members which are required to have at least one of wear 
resistance and low friction charactristic. For example, 
the carbon film-coated articles (carbon film-coated 
members) can be used as sliding members (sliding 
parts). 

More specifically, the carbon film-coaled articles 
can be used as engine parts such as cams, shims : valve 
lifters, plungers, piston rings and the like and other ma- 
chine parts, cutting articles such as drills, end mil^s, mill- 
ing cutters, cutting tools and the like, molds, etc. The 
carbon film in such carbon film-coated article has such 
high adhesion to the substrate as described above that 
the article can stably retain the low friction characteristic 
and other characteristics for a long term. 
[0022} In view of the service life of the carbon film- 
coated article, the carbon film may have a thickness of : 
e.g., 500 nm or more. When the carbon film is too thick, 
peel or cracks are likely to occur. Thus, the thickness of 
the carbon film may be, e.g.. 10 ixm or less. The stress 
may be relaxed by addition of metals or the like. 
[0023] Too thick or too thin the tungsten film allows 
the reduction in its adhesion to the carbon film as shown 
in the results of experiments to be described later. The 
upper limit of thickness of the tungsten film is preferably 
170 nm or less : more preferably 150 nm or less, most 
preferably 100 nm or less. The lower limit of thickness 
of the tungsten film is preferably 5 nm or more, more 
preferably 1 0 nm or more. 

[0024] Too thick or too thin the mixed layer results in 



lower adhesion of the carbon film to the substrate as 
shown in the results of experiments to be described lat- 
er. The upper limit of thickness of the mixed layer is pref- 
erably 200 nm or less, more preferably 100 nm or less, 
5 especially more preferably 50 nm or less, most prefer- 
ably 10 nm or less. The lower limit of thickness of ihe 
mixed layer is preferably 1 nm or more, more preferably 
2 nm or more. 

10 (2) Method of producing a carbon film-coated article 

[0025] A method of producing a carbon film-coated ar- 
ticle as a preferred embodiment of the present invention 
comprises the steps of: 

forming on a substrate of an article a mixed layer 
containing an element(s) constituting the substrate 
and tungsten, 

forming a tungsten film on the mixed layer and 
forming a carbon film on the tungsten film, 

[0026] At ieast one of the mixing layer, the tungsten 
film and the carbon film is formed by a vacuum arc dep- 
osition apparatus (arc-type ion plating apparatus). 
The vacuum arc deposition apparatus has at least one 
vacuum arc evaporation source including a cathode. In 
the vacuum arc deposition apparatus, a layer or a Him 
can be formed using a cathode material (substance con- 
stituting the cathode selected according to the layer or 
film to be formed) evaporated by arc discharge, more 
specifically by ionizing an evaporated cathode material 
by plasma generated in the vicinity of the cathode. Any 
of the mixed layer, the tungsten film and the carbon film 
may be formed by the vacuum arc deposition apparatus. 
[0027] When the vacuum arc deposition apparatus is 
employed, the ionized cathode material may be attract- 
ed to the substrate by a bias voltage to be applied to the 
substrate and may be madeto collide with the substrate. 
Such bias application may be carried out in forming any 
of the mixed layer, the tungsten film and the carbon film. 
[0028] The mixed layer can be formed by subjecting 
the substrate to a bombarding process (vacuum arc 
deposition operation involving a bombarding process) 
using tungsten as a cathode material (in other words, 
using a cathode mainly containing tungsten) in the vac- 
uum arc deposition apparatus. More specifically, tung- 
sten as the cathode material is ionized by a plasma while 
applying a relatively high bias voltage to the substrate, 
so that the ionized tungsten is driven into the substrate 
(namely the substrate is subjected to a bombarding 
process), thereby forming the mixed layer containing an 
element(s) constituting the substrate and tungsten. 
[0029] In thiscase : presumably the surface of the sub- 
strate may be improved in characteristic(s) by the bom- 
barding process, resulting in formation of the mixed lay- 
er. When the mixed layer is formed by the bombarding 
process, the surface of the substrate is subjected to 
sputter cleaning and the substrate is heated, whereby 
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the tungsten film to be formed later is increased in its 
adhesion to the mixed layer, 

[0030] The tungsten film can be formed by a vacuum 
arc deposition method using tungsten as a cathode ma- 
terial (in other words, using a cathode mainly containing 
lungsLen) in Ihe vacuum arc deposition apparatus. For 
example, when tungsten as the cathode materia! is 
made into plasma and Is ionized while applying a rela- 
tively low bias voltage to the substrate, the ionized tung- 
sten is deposited on the substrate (the mixed layer on 
the substrate) to form the tungsten film, ft is optional, e. 
g. , to apply a bias voltage to the substrate which is lower 
in an absolute value (including 0V) than when the mixed 
layer is formed by the bombarding process. 
[0031] The carbon film can be formed by a vacuum 
arc deposition method using carbon as a cathode ma- 
terial (in other words, using a cathode mainly containing 
carbon) in the vacuum arc deposition apparatus. For ex- 
ample, when carbon as the cathode material is made 
into plasma and is ionized while applying a bias voltage 
to the substrate, the ionized carbon Is deposited on the 
substrate (the tungsten film on the substrate) to form the 
carbon film. 

[0032] Any of the mixed layer the tungsten f^rn and 
the carbon film can be formed by other methods than 
those using the foregoing vacuum arc deposition appa- 
ratus. The carbon film may be formed, for example, by 
a plasma CVD method, sputtering method, laser depo- 
sition method or the like. However any of the mixed lay- 
er, the tungsten film and the carbon film can be formed 
at a relatively high deposition rate by the method using 
the vacuum arc deposition apparatus. This Is because 
the ion density of the cathode material in the plasma can 
be relatively increased due to evaporation of the cath- 
ode material by arc discharge. When the vacuum arc 
deposition apparatus is used, the mixed layer, the tung- 
sten film and the carbon film can be formed even on the 
substrate of the article in a relatively complicated shape 
(e.g. substrate in a cubic shape), and deposition is easily 
feasible even over a large area. 

[0033] Further, the carbon film formed by the vacuum 
arc deposition method is more highly hard and lower in 
hydrogen content than when formed by a plasma CVD 
method, sputtering method or laser deposition method. 
When the carbon film is formed by the vacuum arc dep- 
osition method, it may be done while applying a pulse- 
type bias voltage to the substrate. Thereby the internal 
stress in the carbon film thus formed can be lowered 
and the carbon film with a highly smooth surface can be 
formed. 

[0034J In the foregoing method of producing a carbon 
film-coated article, at least one of the mixed layer the 
tungsten film and the carbon film is formed in the vacu- 
um arc deposition apparatus. For example, all of the 
mixed layer, the tungsten film and the carbon film may 
be formed in the same vacuum arc deposition appara- 
tus. When the mixed layer, the tungsten film and the car- 
bon film are formed in the same vacuum arc deposition 



apparatus, transport of the substrate, removal of gas 
(es) from a process chamber, heating of the substrate 
can be performed in a shorter time than when one or 
two of them are formed in other apparatus. 

s [0035] This means that the mixed layer, the tungsten 
film and the carbon film can be so efficiently formed and 
a carbon film-coaled article can be so efficiently pro- 
duced. In this case, an interface between the mixed lay- 
er and the tungsten film and an interface between the 

10 tungsten- film and the carbon film are unlikely to come 
into contact with impurities, and proper interfaces can 
be created, 

[0036] A vacuum arc deposition apparatus to be com- 
monly used in forming the mixed layer, the tungsten film 

*5 and the carbon film has at least two vacuum arc evap- 
oration sources, e.g., a first vacuum arc evaporation 
source including a tungsten cathode (cathode compris- 
ing tungsten as the main component) and a second vac- 
uum arc evaporation source including a carbon cathode 

20 (cathode comprising carbon as the mam component). 
[0037] When the mixed layer, the tungsten film and 
the carbon film are formed by a vacuum arc deposition 
apparatus having only one vacuum arc evaporation 
source including a cathode, a tungsten cathode needs 

25 to be exchanged for a carbon cathode after forming the 
mixed layer and the tungsten film. When employing the 
vacuum arc deposition apparatus having the first and 
second vacuum arc evaporation sources, the time peri- 
od for exchange of cathodes can be saved, and thereby 

30 a carbon film-coated article can be produced with more 
efficiency. 

[0038] A vacuum arc deposition apparatus having two 
or more vacuum arc evaporation sources each including 
tungsten cathode may be used m order to increase the 

35 deposition rale in forming the mixed layer and/or the 
tungsten film, Likewise a vacuum arc deposition appa- 
ratus having two or more vacuum arc evaporation sourc- 
es each including carbon cathode may be used In order 
to increase the deposition rate in forming the carbon 

40 film. 

[0039] A vacuum arc deposition apparatus to be used 
in forrmng at least one of the mixed layer, the tungsten 
film and the carbon film may be of a magnetic fHtertype 
which has a magnetic filter for at least one vacuum arc 

45 evaporation source to prevent macro-particles of cath- 
ode material with a diameter of several micro-meters to 
tens of micro-meters from adhering to the substrate. 
[0040] Especially when the carbon film is formed, it is 
preferred to use such vacuum arc deposition apparatus 

50 of the magnetic filter type. The reason is as follows. 
When the cathode is disposed as opposed to the sub- 
strate in forming the carbon film using a vacuum arc dep- 
osition apparatus having a vacuum arc evaporation 
source including a carbon cathode, the carbon macro- 

55 particles easily adhere to the surface of the substrate 
(tungsten film on the substrate). 
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(3) Description of an example of carbon film -coat eel 
article and method of producing the same 

[0041] An example of the carbon film-coated article 
and a method of producing the same will be described 
with reference to the drawings. Fig.1 is a partially sec- 
tional view schematically showing an example of the 
carbon film-coated article, 

[0042] A carbon fMm-coated article 1 shown in Fig. 1 
has a substrate 1 1 of the article. Superposed on at least 
a part of the substrate 11 are a mixed layer 12, a tung- 
sten film 1 3 and a carbon film 1 4 as formed in this order 
from the substrate side. 

[0043] The substrate 1 1 is made of chromium-molyb- 
denum steel in Ihis example. The mixed layer 12 con- 
tains an element(s) constituting the substrate and tung- 
sten (W). in this example : the mixed layer contains iron 
(Fe), chromium (Cr), molybdenum (Mo) and tungsten. 
The mixed layer 12 has a thickness of 5 nm in this ex- 
ample. The tungsten film 1 3 is mainly composed of tung- 
sten and has a thickness of 50 nm in this example. The 
carbon film 14 is a DLC film having a thickness of 500 
nm in this example. 

[0044] The carbon film-coated article 1 is excellent In 
low friction characteristic and wear resistance because 
it is covered with the highly hard DLC film (carbon film) 
14. The adhesion between the DLC film 1 4 and the tung- 
sten film 13 : the adhesion between the tungsten fi^m 13 
and the mixed layer 12, and the adhesion between the 
mixed layer 1 2 and the substrate 1 1 are all good, so that 
the adhesion of the DLC film 14 to the substrate 11 is 
good. With this feature, the carbon film-coated article 1 
can stably maintain the low friction characteristic and 
wear resistance for a long term. 

[0045] The DLC film 14 in this example is formed by 
a vacuum arc deposition method using a vacuum arc 
deposition apparatus so that it has a less content of hy- 
drogen than when formed by a plasma CVD method, 
sputtering method, jaser deposition method or other 
methods. Thereby the DLC film 1 4 can stably exhibit the 
low friction characteristic and other characteristics even 
under high temperature environments. 
[0046] In the carbon film-coated article 1 which has a 
low friction characteristic and a high wear resistance, 
the substrate 11 may be one of substrates for engine 
parts such as cams, shims, valve lifters, plungers, piston 
rings and the like and other machine, cutting articles 
such as drills, end mills, milling cutters, cutting tools or 
parts thereof, etc. The articles 1 having such substrates 
11 can be preferably used as engine parts and like ma- 
chine parts, cutting articles, etc. which require a low fric- 
tion characteristic and a wear resistance. 
[0047] The method of producing the carbon film-coat- 
ed article 1 will be described. In this example, all of the 
mixed layer 12, tungsten film 13 and DLC film 14 are 
formed using a vacuum arc deposition apparatus having 
vacuum arc evaporation sources. More specifically, all 
of them are formed using the same vacuum arc deposi- 



tion apparatus. 

[0048] Fig. 2 is a schematic diagram showing the 
structure of an example of the vacuum arc deposition 
apparatus to be used in forming the mixed layer 12, 
s tungsten ftlm 1 3 and DLC film 1 4, 

[0049] A vacuum arc deposition apparatus AP1 of Fig. 
2 is of magnetic Tiller type and is provided with a vacuum 
chamber 20, a magnetic filter 5 and two vacuum arc 
evaporation sources 3 : 4. 
10 [0050] In the chamber 20, a holder 21 is disposed for 
holding the substrate 11 for forming the DLC film 14 or 
the like. A negative voltage can bo applied to the sub- 
strate 1 1 from a bias power source 22 via the holder 21 
supporting the substrate 11 . The chamber 20 is ground- 
's ed. 

[0051 ] An evacuator 23 is connected to the chamber 
20. The gas(es) is removed from the chamber 20 by the 
evacuator 23, whereby the gas pressu re in the chamber 
20 can be adjusted to a specified range. A gas supply 
20 unit 24 \s connected to the chamber 20, A specified gas 
(es) can be introduced into the chamber 20 by the gas 
supply unit 24. 

[0052] The vacuum arc evaporation source 3 has a 
cathode 31 , an arc power source 32 } a shield plate 33 

25 and a trigger electrode 34. The cathode 31 is placed in 
the chamber 20 ; is opposed to the holder 21 and is com- 
posed of tungsten . The shield plate 33 is annular and is 
disposed so as to surround the cathode 31 . A space is 
formed between the shield plate 33 and the cathode 31 

30 which are electrically insulated from each other. The 
shield plate 33 is electrically connected to the chamber 
20 via a resistor 35. 

[0053] The trigger electrode 34 can be moved in right 
and left directions in the figure by a driving device (not 
35 shown) from a position wherein its tip is in contact with 
the cathode 31 to a position wherein its tip is out of con- 
tact therewith. 

[0054] When the trigger electrode 34 is brought into 
and out of contact with the cathode 31 while applying a 
40 negative voltage from the arc power source 32 to the 
cathode 3 1 } electric sparks are emitted between the trig- 
ger electrode 34 and the cathode 31 . Arc discharg9 is 
triggered by the sparks. 

[0055] Tungsten as a cathode material is heated by 
45 the arc discharge, melted and evaporated. Plasma is 
generated by the arc discharge in front of the cathode 
31 (rlghtward of the cathode 31 m the figure), whereby 
the evaporated tungsten is partly ionized. In other 
words, in the vacuum arc evaporation source 3. plasma 
50 containing tungsten ions can be produced in front of the 
cathode 31 by arc discharge, 

[0056] A magnetic filter 5 is provided to prevent mac- 
ro-particles of cathode material for the vacuum arc 
evaporation source 4 from adhering to the substrate 11 
55 supported by the holder 21 . The magnetic filter 5 has a 
curved transport pipe 51 , a magnetic coil 52 wound on 
the transport pipe 51 and a power source 53 for ener- 
gizing the magnetic coil 52. The transport pipe 51 is con- 
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nected to the chamber 20. In this example, the transport 
pipe 51 is curved at an angle of 90 degrees. One of 
openings in the transport pipe 51 is opposed to the hold- 
er 21 disposed in the chamber 20 white the other open- 
ing is closed with an end plate 54. 5 
[0057] A dsrecl currenL voltage is applied to the mag- 
netic coil 52 from the power source 53, whereby a mag- 
netic fieid can be generated substantially aiong the in- 
ternal wall of the transport pipe 51 within the transport 
pipe 51 . Indicated at 55 in Fig. 2 are lines of magnetic 10 
force in the magnetic field formed in this way. 
[0058] The vacuum arc evaporation source 4 has a 
cathode 41, a cathode holder 42, and an arc power 
source 43. The cathode 41 is composed of carbon and 
is fixed to the end plate 54 at an end of the transport 15 
pipe 51 via the holder 42 formed of an insulating mate- 
rial. The holder 21 (substrate 1 1 held by the holder 21 ) 
in the chamber 20 can not be seen from the position of 
the cathode 41 disposed at the end of the transport pipe 
51 because of interruption by the internal wall of the 20 
transport pipe 51 curved at an angle of 90 degrees. In 
other words, The internal wall of the transport pipe 51 
exists on a straight line connecting the cathode 41 with 
the holder 21. 

[0059] In this example, the end plate 54 serves also 25 
as an anode. Arc discharge is caused between the end 
plate (anode) 54 and the cathode 41 when an arc dis- 
charge voltage is applied between them from the arc 
powersource 43, The evaporation source 4 has a trigger 
electrode 44 for ignition of arc discharge as in the above- 30 
mentioned evaporation source 3. 

[0060] The trigger electrode 44 is connected to the 
end piate 54 via a resistor 45. The trigger electrode 44 
can be moved in right and left directions in the figure by 
a driving device (nol shown) from a position wherein its 35 
tip is in contact with the cathode 41 to a position wherein 
its tip is out of contact therewith. 

[0061] When the trigger etectrode 44 is brought into 
and out of contact with the cathode 41 while applying a 
negative voltage from the arc powor source 43 to the 
cathode 41 , electric sparks are emitted between the trig- 
ger electrode 44 and the cathode 41 . Arc discharge is 
triggered by the sparks. Carbon as a cathode material 
is heated by the arc discharge, melted and evaporated. 
[0062] Plasma is generated m front of the cathode 41 45 
(rightward of the cathode 41 in the figure) by the arc dis- 
charge, whereby the evaporated carbon is partly ion- 
ized. In other words, in the vacuum arc evaporation 
source 4, plasma containing carbon ions can be pro- 
duced in front of the cathode 41 (rightward of the cath- so 
ode 41 in the figure) by the arc discharge. 
[0063] fn the vacuum arc deposition apparatus AP1 
as described above, the mixed layer 12, tungsten film 
13 and DLC film {carbon film) 14 can be formed in the 
following way on the substrate 11 as held by the holder 55 
21. In formation of the mixed layer and the films, the 
holder 21 holding the substrate 11 may be rotated by a 
driving device (not shown) to form a uniform mixed layer 



and uniform films. 

[0064] In deposition of a film, 935(05), e.g., air includ- 
ing reactive gases such as nitrogen gas and oxygen 
gas) is removed from the chamber 20 by the evacuator 
23 to bring the inside to a state of reduced pressure of, 
e.g., 10~ 4 Torr (approximately 10' 2 Pa) or less. Thereaf- 
ter an inactive gas such as argon gas is introduced inlo 
the chamber 20 by the gas supply unit 24 to bring the 
inside to a state of, e.g., 1 X 1 0* 3 Torr (approximately 1 
X 10- 1 Pa) to 8 X 10" 3 Torr (approximately 8 X 1 0" 1 Pa)' 
so that the retention of arc discharge is facilitated in the 
evaporation sources 3 and 4. 

[0065] When the mixed layer 12 is formed, the oper- 
ation employs the evaporation source 3 having the cath- 
ode 31 composed of tungsten, not the evaporation 
source 4. By the evaporation source 3, plasma contain- 
ingtungsten ions can be produced in front ofthecathode 
31 as described above, i.e., between the cathode and 
the holder 21 holding the substrate 11 . In this operation, 
a relatively high negative direct current voltage (e.g. , ap- 
proximately DC-400V to DC-2000V) is applied from the 
bias power source 22 to the substrate 1 1 via the holder 
21. 

[0066] The tungsten ions are attracted to the sub- 
strate 1 1 by the bias voftage applied to the substrate 1 1 
and are made to collide with the substrate 11 : whereby 
the ions are thrust into the substrate 1 1 . That is, the sub- 
strate 11 is subjected to a bombarding process by the 
tungsten ions, whereby a layer containing the thrust 
tungsten is formed as a surface layer on the substrate 
11, i.e., the mixed layer 12 containing substrate-consti- 
tuting elements and tungsten is formed. 
[0067] Thereafter the tungsten film 13 is formed on 
the mixed layer 1 2 while maintaining the pressure in the 
chamber 20. When the tungsten film 13 is formed, the 
operation employs the evaporation source 3 having the 
cathode 31 composed of tungsten, not the evaporation 
source 4. When the tungsten film 13 is formed, plasma 
containing tungsten ions is produced by the evaporation 
source 3 and a negative voltage is appfjed from the bias 
power source 22 to the substrate 11 . 
[0068] When the tungsten film 13 is formed, a nega- 
tive direct current voltage (e.g.. approximately DC- 
200V) which is lower in absolute vatue than when the 
mixed layer 1 2 is formed (when the bombarding process 
is carried out) is applied to the substrate 1 1 . Thereby the 
tungsten ions are attracted to the substrate 11 and are 
made to collide with the substrate 1 1 , so that the tung- 
sten film 13 is formed on the mixed layer 12. 
[0069] Since the bias voltage to be applied to the sub- 
strate 11 is so low that an action of thrusting (bombard- 
ing) the tungsten ions into the substrate 11 is small and 
tungsten becomes accumulated on the mixed layer 12, 
forming the tungsten film 13 on the mixed layer 12. 
[0070] Subsequently, the DLC film (carbon film) 14 is 
formed on the tungsten film 13 while retaining the pres- 
sure in the chamber20. When the DLC film 1 4 is formed, 
the operation employs the evaporation source 4 having 
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the cathode 41 composed of carbon, not the evapora- 
tion source 3. By the evaporation source 4, plasma con- 
taining carbon ions is produced in front of the cathode 
41 as described above. The plasma is transported along 
the transport pipe 51 by the magnetic field generated by 
the magnetic coif 52, and is led toward Ihe substrate 11 
supported by the holder 21 in the chamber 20. 
[0071] In this operation, a negative bias voltage has 
been applied from the bias power source 22 to the sub- 
strate 11. In this example, a pufse-type negative bias 
voltage is applied to the substrate 11. For example, a 
pulse voltage of about -1 kV to about -1 0 kV is applied 
to the substrate 1 1 at a frequency of 5 kHz and at a duty 
ratio of about 2% to about 10%. The carbon ions in the 
plasma are attracted to the substrate 1 1 by the bias voft- 
age applied to the substrate 11 , whereby the DLC film 
(carbon film) 14 is formed on the tungsten film '13. 
[0072] The macro-particles (droplets) of the cathode- 
constituting substance produced in the generation of 
plasma containing carbon ions in the evaporation 
source 4 are removed as follows to prevent the macro- 
particles from reaching the chamber 20 by the magnetic 
filter 5, The macro-particles having no electric charge 
make a substantially straight advance in a direction ini- 
tially taken, starting from the cathode 41 because the 
macro -particles do not curve due to the magnetic field 
generated with the magnetic coil 52. 
[0073] Most of the macro -particles are made to collide 
with the internal wali of the curved transport pipe 51 , 
consequently failing to reach the inside of the chamber 
20. Even if the macro-particles start to move in a direc- 
tion in which the mside of the chamber 20 is reached, 
the substrate 11 would not exist on a straight line in the 
starting direction, making it impossible for the macro- 
particles to adhere to the substrate 11 . 
[0074] When a mixed layer 12, tungsten film 13 and 
DLC film 14 are formed by the above-mentioned meth- 
od, the following advantages are gained. 
[0075] The mixed layer 1 2, tungsten film 13 and DLC 
film 14 can be formed at a relatively higher deposition 
rate by using the cathode material evaporated by the 
arc discharge than when formed by a plasma CVD 
method, sputtering method or Jaser deposition method, 
resulting in higher productivity. The mixed layer 12, 
tungsten film 13 and DLC film 14 can be formed on the 
substrate 1 1 , even if the substrate is in a relatively com- 
plicated shape (e.g., a substrate in a cubic shape), ac- 
cording to the vacuum arc deposition apparatus AP1 , In 
addition, deposition *s feasible with relative easiness 
even over a large area. 

[0076] The mixed layer 1 2 is formed by subjecting the 
substrate to a bombarding process so that adhesion of 
the mixed layer 12 to the substrate 11 is increased. 
Since the substrate 11 is subjected to a bombarding 
process, the substrate 11 can be cleaned by sputtering 
and can be heated, whereby adhesion of the tungsten 
layer 13 (to be formed later) to the mixed layer 12 is 
increased. 



[0077] When the DLC film (carbon film) 14 is formed 
by the vacuum arc deposition method as described 
above, the DLC film 14 has a higher hardness and a 
less content of hydrogen than when formed by a plasma 
5 CVD method, sputtering method and laser deposition 
method. Because of less content of hydrogen, the DLC 
Him 14 can stably exhibit a low friction characteristic 
even under a high temperature environment. 
[0078] Since the DLC film 1 4 is formed while applying 

10 the pulse-type bias voltage to the substrate 11, the in- 
ternal stress in the DLC film 1 4 can be lowered and the 
DLC film 14 can have a highly smooth surface. 
[0079] All of the mixed layer 12. tungsten film 13 and 
DLC film 1 4 are formed using the same vacuum arc dep- 

*s ositfon apparatus AP1 , Therefore, the transport of the 
substrate 11, evacuation, etc. can be performed in a 
shorter time than when one or two of them are formed 
by other apparatus. This means that the mixed layer, 
tungsten film and carbon film can be so efficiently 

20 formed, resulting in increased productivity. 

[0080] The vacuum arc deposition apparatus AP1 has 
the evaporation source 3 for use in forming the mixed 
layer 12 and the tungsten film 13 and the evaporation 
source 4 for use in forming the DLC film 1 4 f namely two 

25 evaporation sources so that the mixed layer 12, the 
tungsten film 1 3 and the DLC film 14 can be continuous- 
ly formed without exchange of the cathode in each of 
the evaporation sources. Thereby the mixed layer 12, 
tungsten film 13 and DLC film 14 can be so efficiently 

30 formed with high productivity. 

[0081] Since the magnetic filter 5 is provided for the 
evaporation source 4 for use in forming the DLC film 14, 
the macro-particles of the substance constituting the 
cathode 41 can be prevented from adhermg to the sub- 

35 strate 11 (tungsten film 13), whereby the DLC film 14 
can be suppressed from lowering the surface-smooth- 
ness of the DLC film 1 4. The DLC film 1 4 can be further 
suppressed from peeling and cracking, startmg from a 
part of the DLC film 14 to which macro-particles have 

40 adhered. In this example, the magnetic filter 5 is provid- 
ed only for the evaporation source 4 having the carbon 
cathode in which macro-particles are likely to develop 
but may be also provided for the evaporation source 3. 

45 (4) Experiments on material and thickness of underlying 
layer of carbon film 

[0082] Test pieces of the carbon film-coated article 
were produced to investigate the adhesion of the carbon 

so film to the substrate usmg tungsten films of varied thick- 
nesses serving as an underlying layer of thecarbon fNm. 
[0083] The test pieces of the carbon film-coated arti- 
cle were produced as follows. A mixed layer, tungsten 
film and carbon film (DLC film) were formed by the 

55 above-mentioned method using the vacuum arc depo- 
sition apparatus of the type shown in Fig.2. The sub- 
strate was one made of chromium-molybdenum steel 
SCM41S. Each of the layer and films was formed In the 
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chamber under a gas pressure condition prepared by 
introducing 100 seem of argon gas into the chamber to 
attain a pressure of 5X 1 0' 3 Torr (approximately 5 X 10* 1 
Pa) after the air was evacuated from the chamber 20 to 
attain a pressure of 1 X 1 0" 5 Torr (approximately 1 X 1 0^ 3 
Pa). 

[0084J A mixed layer was formed by supplying the 
tungsten cathode in the evaporation source with an arc 
current at 1 00A (1 00 amperes) and applymg a bias volt- 
age of DC (-1 000V) to the substrate to subject the sub- 
strate to a bombarding process. A tungsten film was 
formed by supplying the tungsten cathode in the evap- 
oration source with an arc current at 80A (80 amperes) 
and applying a bias voltage of DC(-200V) to the sub- 
strate according to the vacuum arc deposition method, 
A DLC film was formed by supplying the carbon cathode 
in the evaporation source with an arc current at 80A and 
applying a pulse-type bias voltage of -5 kV to the sub- 
strate according to the vacuum arc deposition method. 
The pulse voEtage was applied to the substrate at a fre- 
quency of 10 kHz, and a duty ratio of 5%. 
[0085] Five test pieces of the carbon film-coated arti- 
cle were produced. The test pieces were different from 
each other in that the tungsten films were 5nm ; 10 nrn. 
50 nm 1 100 nm and 200 nra respectively in thickness. 
In any of these test pieces, the mixed layer had a thick- 
ness of 1 0 nrn and the DLC film had a thickness of 500 
nm. The thickness of the mixed layer was 1 0 nm at which 
good results were achieved in the experiments to be de- 
scribed later 

[0086] The following three types of comparative test 
pieces of the carbon film-coated article were produced 
to investigate the adhesion of the carbon film (DLC film) 
to the substrate. All of these comparative test pieces had 
substrates of the same material {SCM415 steel) as the 
substrate for the test pieces having the tungsten film, 
[0087] In the first type comparative test pieces, a mo- 
lybdenum (Mo) film was used instead of the tungsten 
film as the underlying layer of the DLC film, and a mixed 
layer was one corresponding to the underlying layer 
(molybdenum film). That is, the first type comparative 
test pieces had a molybdenum (Mo) film and a mixed 
layer containing molybdenum and substrate-constitut- 
ing element(s) between the DLC film and the substrate. 
[0088] The first type comparative test pieces were 
produced in the same manner as done in producing the 
test pieces having the tungsten film except that molyb- 
denum was used as a cathode material in the evapora- 
tion source which was used in forming the molybdenum 
film and the mixed layer. 

[0089] More specifically, the mixed layer in each of the 
first type comparative test pieces was formed by sub- 
jecting the substrate to a bombarding process underthe 
same deposition conditions as in forming the mixed lay- 
er in the test pieces having the tungsten film. The mo- 
lybdenum film in each of the first type comparative test 
pieces was formed by a vacuum arc deposition method 
underthe same deposition conditions as in forming the 



tungsten film in the test pieces having the tungsten film. 
The DLC film in each of the first type comparative test 
pieces was formed by a vacuum arc deposition method 
under the same deposition conditions as in forming the 

5 DLC film in the test pieces having the tungsten film. 
[0090] Four first type comparative test pieces were 
Tormed such a manner thai molybdenum films were 5 
nm, 1 0 nm s 50 nm and 1 00 nm. respectively in thickness, 
in each of the first type comparative test pieces, the 

10 mixed layer had a thickness of 1 0 nm, and the DLC film 
had a thickness of 500 nm. 

[0091] in the second type comparative test pieces, a 
chromium (Cr) film was used instead of the tungsten film 
as the underlying layer of the DLC film , and a mixed lay- 

15 er was one corresponding to the underlying layer (chro- 
mium film). That is : the second type comparative test 
pieces had a chromium fifm and a mixed layer contain- 
ing chromium and substrate-constituting elements) be- 
tween the DLC film and the substrate. 

20 [0092] The second type comparative test pieces were 
produced in the same manner as done in producing the 
test pieces having the tungsten film except that chromi- 
um was used as a cathode material in the evaporation 
source which was used in forming the chromiumf ilm and 

25 the mixed layer. More specifically the rrnxed layer in 
each of the second type comparative test pieces was 
formed by subjecting the substrate to a bombarding 
process under the same deposition conditions as in 
forming the mixed layer in the test pieces having the 

30 tungsten film. 

[0093] The chromium film in each of the second type 
comparative test pieces was formed by a vacuum arc 
deposition method under the same deposition condi- 
tions as in forming the tungsten film in the test pieces 

35 having the tungsten film. 

[0094] The DLC film in each of the second type com- 
parative test pieces was formed by a vacuum arc dep- 
osition method under the same deposition conditions as 
in forming the DLC film in the test pieces having the 

40 tungsten film. 

[0095] Five second type comparative test pieces were 
produced in such manner that chromium films were 5 
nm ; 10 nm. 50 nm. 100 nm and 200 nm, respectively in 
thickness. In each of the second type comparative test 

45 pieces, the mixed layer had a thickness of 1 0 nm, and 
the DLC film had a thickness of 500 nm. 
[0096] In the third type comparative test piece, a DLC 
film was formed directly on the substrate. The DLC film 
in the third type comparative test piece was formed by 

50 a vacuum arc deposition method under the same dep- 
osition conditions as in forming the DLC film in the test 
pieces having the tungsten film. The DLC film in the third 
type comparative test piece had a thickness of 500 nm. 
[0097] The adhesion of the DLC film to the substrate 

55 m each of the test pieces was evaluated by a Rockwell 
hardness testing machine as follows. The DLC film over 
the substrate was depressed under a load of 150 kg by 
an indenter (conical diamond indenter) to be used in a 
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C-scale Rockwefl hardness test, whereby the adhesion 
of the DLC film to the substrate was evaluated in terms 
of an area of peeled DLC film around the impression 
formed by the depression. The results show that the 
smaller the peeled film area is, the higher the adhesion 
or Lhe DLC film to the substrate is. 
[0098] The results are shown in Fig.3. \i is apparent 
from Fig.3 that when a tungsten film and a mixed layer 
containing tungsten are formed between the DLC film 
and the substrate, the adhesion of the DLC film to the 
substrate is higher than when the DLC film is formed 
directly on the substrate. 3t is also evident that when the 
underlying layer of the DLC film has the same thickness, 
a tungsten film formed as the underlying layer achieves 
a higher adhesion of the DLC film to the substrate than 
when a molybdenum film or a chromium film is used as 
the underfying layer. 

[0099] It is further seen that a tungsten film, when too 
thick or too thin, lowers the adhesion of the DLC film to 
the substrate. The thickness of the tungsten film is pref- 
erably about 5 nm or greater, more preferably about 10 
nm or greater. The thickness of the tungsten film is pref- 
erably about 1 70 nm or less : more preferably about 1 50 
nm or less, most preferably about 100 nm or less, 

(5) Experiments on the thickness of mixed layer 

[0100] Test pieces of the carbon filrrvcoated article 
were produced to investigate the adhesion of the carbon 
film (DLC film) to the substrate using mixed layers of 
varied thicknesses. 

[01 01 ] Six test pieces of the carbon film-coated article 
were produced. These test pieces are different from 
each other in that the mixed layers formed of tungsten 
and etemenl(s) constituting the substrate had thickness- 
es of 2 nm, 5 nm, 10 nm, 50 nm, 100 nm and 200 nm. 
respectively. The mixed layer, tungsten film and DLC 
film in these test pieces were formed by the same meth- 
od and under the same conditions as described above. 
The substrate in any test piece was made of chromium- 
molybdenum steel SCM 415. In any of test pieces, the 
tungsten film had a thickness of 50 nm and the DLC film 
had a thickness of 500 nm. When the tungsten film has 
a 50 nm thickness., the DLC film exhibits an excellent 
adhesion to the substrate as apparent from Fig.3. 
[01 02] For a comparative purpose, a test piece having 
no mixed layer, namely having a tungsten film and a 
DLC film formed in this order on the substrate was pro- 
duced to investigate the adhesion of the DLC film to the 
substrate. The tungsten film and DLC film in this com- 
parative test piece were formed by the same method 
and underthesame conditions as described above, The 
tungsten film had a thickness of 50 nm and the DLC film 
had a thickness of 500 nm in the comparative test piec- 
es. 

[0103] The adhesion of the DLC film to the substrate 
in each of the test pieces was evaluated in terms of an 
area of peeled DLC film around the impression formed 



with an indenter (conical diamond indenter) in the same 
manner as described above. In the comparative test 
piece without a mixed layer, the DLC film became 
peeled, whereas none of DLC layers in the test pieces 
s having the mixed layer became peeled irrespectively of 
the Lhickness of the mixed layer. 

[0104] As described above, a difference in the adhe- 
sion of the DLC film to the substrate due to the thickness 
of mixed layer was not found when measured by the 
10 foregoing evaluation method. The adhesion of DLC 
films in those test pieces wore further evaluated as de- 
scribed below in order to investigate a preferred range 
of thickness of the mixed layer. 

[0105] A pressing piece was brought into contact with 

15 the DLC film on the substrate under a pressing force in 
an engine oil and was rotated at a revolution speed of 
1042 rpm (sliding speed 1200 mm/sec) by a motor. In 
this operation, while gradually increasing a load of the 
pressing piece against the DLC film (a load on the press- 

20 jng piece in pressing the pressing piece against the DLC 
film), there was found out a load fkgf/mm 2 ] involved 
when a rotating torque of the motor required to rotate 
the pressing piece at the foregoing revolution speed 
reached 20 [N] or more. When the DLC film became 

25 peeled by increasing the load, a great rotating torque of 
the motor was needed in rotating the pressing piece. 
That is, even when a heavy load was imposed, the ro- 
tating torque of the motorwas small in rotating the press- 
ing piece if a highly slidable DLC film firmly adhered to 

so the substrate and did not separate from the substrate. 
Consequently this shows that the heavier the load 
measured is, the higher the adhesion of the DLC film to 
the substrate is. The pressing piece used was in the 
shape as prescribed under JIS-K7218A, namely cyiin- 

35 drical and was made of carbon steel for machine struc- 
tural use (S50C). 

[0106] The results are shown in F^g.4. Fig. 4 shows 
. that when the mixed layer containing tungsten and a 
substrate-constituting element(s) is too thick or too thin, 

40 the adhesion of the DLC film to the substrate is lowered. 
It is also apparent from Fig. 4 that the thickness of the 
mixed layer is preferably about 1 nm or more, more pref- 
erably about 2 nm or more. It is further evident that 1he 
thickness of the mixed layer is preferably about 200 nm 

45 or less, more preferably about 1 00 nm or less, especially 
more preferably about 50 nm or less, most preferably 
about 10 nm or less. 

[0107] As set out above, the invention provides a car- 
bon film-coated article in which a carbon film is formed 

so and the adhesion of the carbon film to the substrate is 
high, and a method of producing the same. According 
to the producing method of the invention . the carbon film 
and others can be efficiently formed. 
[0108] Although the present invention has been de- 

55 scribed and illustrated in detail, it is clearly understood 
that the same is by way of illustration and example only 
and is not to be taken byway of limitation, the spirit and 
scope of the present invention being limited only by the 
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terms of the appended claims. 
Description of symbols in the Drawings 
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Claims 

1 . A carbon film-coaled article comprising a substrate; 
a mixed layer formed on at least a part of the sub- 
strate and composed of an element(s) constituting 
the substrate and tungsten: a tungsten film formed 
on the mixed layer: and a carbon film formed on the 
tungsten film, 

2> The carbon film-coated article according to claim 1 . 
wherein the mixed layer has a thickness of 200 nm 
or less. 

3. The carbon film-coated article according to claim 1 , 
wherein thetungsten film has a thickness of 1 70 nm 
or less. 

4. The carbon film-coated article according to cla^m 1 , 
wherein the carbon film has a thickness of 500 nm 
to 1 0 um. 



comprising a substrate, a mixed layer formed on at 
jeast a part of the substrate, and composed of an 
element(s) constituting the substrate and tungsten, 
a tungsten film formed on the mixed layer and a 
5 carbon film formed on the tungsten film, the method 

comprising the steps oT: 

formmg the mixed layer on at least a part of the 
substrate, the mixed layer being composed of 
to ■ the element(s) constituting the substrate and 

tungsten, 

forming the tungsten film on the mixed layer 
and 

forming the carbon film on the tungsten film; 

1& wherein at least one of the mixing layer, the 

tungsten film and the carbon film is formed us- 
ing a cathode material evaporated by arc dis- 
charge in a vacuum arc deposition apparatus 
having a vacuum arc evaporation source in- 

20 eluding the cathode. 

7. The method according to claim 6, wherem the car- 
bon fiJm is formed by a vacuum arc deposition meth- 
od using carbon as the cathode material in the vac- 

25 uum arc deposition apparatus while applying a 
pulse-type bias voltage to the substrate. 

8. The method according to claim 6 : wherein the 
mixed layer is formed using tungsten as the cathode 

30 material in the vacuum arc deposition apparatus 
while applying a bias voltage to the substrate to sub- 
ject the substrate to a bombarding process. 

9. The method according to clam 6 f wherem all of the 
55 mixed layer, the tungsten film and the carbon Him 

were formed in a same vacuum arc deposition ap- 
paratus. 

10. The method according to claim 6, wherein the vac- 
40 uum arc evaporation apparatus has at least two 

vacuum arc evaporation sources, including a first 
vacuum arc evaporation source having a cathode 
including tungsten as a main component and a sec- 
ond vacuum arc evaporation source having a cath- 
45 ode including carbon as a main component. 

1 1 . The method according to claim 6, wherein the vac- 
uum arc deposition apparatus Is or a magnetic filter 
type which has a magnetic filter for at least one vac- 

50 uum arc evaporation source forsuppressing macro- 
particles of the cathode material from adhering to 
the substrate. 



The carbon film-coated article according to claim 1 , 
wherein the substrate is made of a material com- 
prising iron as a main component. 



55 



6. A method of producing a carbon film-coated article 
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